After 15 min preincubation with an H202-generating system (glucose plus glucose oxidase), the respiratory response to zymosan phagocytosis was strongly depressed in the homozygous acatalasemic and in normal, azide-treated neutrophils, but not in normal, untreated cells. Under these conditions, the release of lysosomal enzymes was depressed and that of lactate dehydrogenase enhanced, in catalase-deficient and in catalaseinhibited, but not in normal, neutrophils. During prolonged incubation with the H202-generating system (30-60 min), the reduction level of intracellular glutathione remained high and the hexose monophosphate shunt continued to operate normally in all cells tested. Thus, although the function of neutrophils without catalase activity was depressed by extracellular hydrogen peroxide, the H202 degradation via the glutathione redox system remained operative.
INTRODUCTION
Phagocytic leukocytes generate large amounts of hvclrogen peroxidle dturinig phagocytosis and(I durinig activation by soluble products, e.g., chemotactic factors (1) (2) (3) . In part, this H202 is released into the phagosomes where it exerts an antimierobial actioni in combiniationi with myeloperoxidase and chloride (4) . Substantial amounts of hydrogen peroxide are also released inlto the extracellular medium (2) . Thus, from the inside as well as from the outside, phagocytic leukocytes can be under heavy oxidative stress.
A ninbl)er of recenit observations in(licates that phagocytic letikocytes, i.e., neutrophils, can be damnaged by their own hydrogen peroxide. First, after preincubation of netitrophils with high concenitrationis of soluble activators, the subsequent reaction to chemotactic factors was diminished. In contrast, the chemotactic responsiveness of neutrophils from patients which chronic granulomatous disease, which fail to generate oxidative products, was undisturbed (5) . Second, anaerobiosis or specific scavengers of hydrogen peroxide enhainced the rate of phagocytosis and the chemotactic responsiveness of normal neutrophils (6, 7) . And third, neutrophils preincubated with a hydrogen-peroxide-generatiing system showed a diminiished ingestioni rate and(l a diminished response to chemotactic factors, uniless protected by extracellular catalase (6) .
Two systemils are kinownI thait milav potenitiallv protect phagocvtic leukocytes agaiinst oxidative damage by hydrogen peroxidle. Catalase, primarily in the cell or-ganelles, decomposes hydrogen peroxide into water and oxygen. In the cytosol, the glutathione redox system reduces hydrogen peroxide by oxidizing NADPH, which is regenerated in the hexose monophosphate shunt. The protective function of the glutathione redox system in phagocytic leukocytes has been established with the aid of cells deficient in glutathione reductase (8) or glutathione synthetase (9) . In this study, whether catalase has a similar function has been evaluated with neutrophils from acatalasemic individuals. The results indicate that catalase is not required for protection of resting or phagocytosing neutrophils, but it is indispensible for protection against extemal oxidative stress.
Case report. Two individuals homozygous for Swiss-type acatalasemia and two individuals heterozygous for this deficiency donated blood for this study. The two homozygotes had been recognized as such in previous studies by the low catalase activity in their erythrocytes (<2% of the normal activity [10] ) and in their leukocytes (9-20% of the normal activity [11] ), and by the decreased heat stability and increased electrophoretic mobility of the catalase residual activity in their erythrocytes (10) and leukocytes (11) . The two heterozygotes had been recognized as such by family relation with the homozygotes and by the intermediate heat stability and electrophoretic mobility ofthe catalase in their blood cells (10, 11) .
None of the acatalasemic individuals suffered from gangrenous oral infections or showed any predisposition to other infections. Informed consent ofthe donors was obtained before the start of this investigation.
METHODS
Zymosan (ICN Nutritional Biochemicals, Cleveland, Ohio) was opsonized by incubation in fresh human serum as previously described (12) . Formaldehyde dehydrogenase (EC 1.2.1.1) was isolated from bovine liver as described by Koivusalo and Uotila (13) . This preparation contained about 30 mg protein/ml with a specific activity of 3 x 10-2 U/mg. Other enzymes were obtained from Boehringer Mannheim Biochemica, Mannheim, West Germany.
Preparation of cells. Three times in the course of 2 years, blood from the acatalasemic individuals and from normal donors was drawn in heparin, transported, and stored at room temperature. Within 24 h after the donation, neutrophils were isolated by centrifugation of the blood over Ficoll-Isopaque (d = 1.077 g/cm3) and lysis of the erythrocytes in the pellet with isotonic ammonium chloride, as described (14) . The cells were washed and suspended in phosphate-buffered (10 mM) NaCl (138 mM), pH 7.4, containing 0.6 mM CaCl2, 1.0 mM MgCl2, 5.5 mM glucose, and 0.5% (wt/vol) human albumin. The neutrophil suspensions were -95% pure, the yield was -80%. The results obtained with the cells from the normal, 1-d-old blood were always in the range ofthe results obtained with cells from fresh normal blood.
Enzyme determinations. Catalase activity was measured with a Clark-type oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio; model YSI 5331) as described by Del Rio et al. (15) . In short, potassium phosphate buffer (50 mM, pH 7.4) was deoxygenated with nitrogen, hydrogen peroxide was added to a final concentration of 25 mM, and the oxygen production was measured. Thereafter, a lysate of 5,000 neutrophils with 0.2% (wt/vol) Triton X-100 was added to the 0.5-ml reaction vessel, and the rate of oxygen production was again recorded. The difference in the two rates of oxygen production was taken as a measure of the catalase activity in the lysate.
The activities of myeloperoxidase, superoxide dismutase, glutathione peroxidase, glutathione reductase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase were measured as described (8) .
Functional tests. The assays for chemotaxis towards casein and intracellular killing of Staphylococcus aureus have been described (8) . The extracellular release of lysozyme and f3-glucuronidase from phagocytosing neutrophils was measured by incubating the cells (5-10 x 106/ml) at 37°C with or without 1 mg serum-opsonized zymosan/ml. Samples of 0.45 ml were centrifuged in the cold and the supernates were stored at 4°C. Enzyme determinations were performed in duplicate, as described by Goldstein et al. (12) . The cytoplasmic enzyme, lactate dehydrogenase, was measured as an indicator ofplasma membrane integrity. Enzyme release was expressed as a percentage oftotal enzymatic activity measured in simultaneously incubated cells to which Triton X-100 (0.2%, wt/vol) had been added.
Metabolic reactions. Oxygen consumption was measured with an oxygen electrode as described (14) .
Hydrogen peroxide production was; measured in cell-free supernates by the oxidation of leukodiacetyl-2,7-dichlorofluorescein as described by Homan-Muller et al. (2) . The cells were incubated in 2 mM NaN3 to prevent degradation of H202.
Production of '4CO2 from [1-'4C]glucose was determined as a measure of hexose monophosphate shunt activity, as described (8) .
Reduced glutathione was measured with a mechanized version of the method described by Koivusalo and Uotila (13) in which reduced glutathione acts as a rate-limiting cofactor in the oxidation of formaldehyde by NAD+, catalyzed by fonmaldehyde dehydrogenase. Neutrophils (20 x 106/ml) were incubated in a protein-free medium. Samples of 0.05 ml were mixed with 1.5 ml ice-cold 1 mM EDTA and pumped into an Auto-Analyzer (Technicon Instruments Corp., Tarrytown, N. Y.) system. Composition and pump speed of the reagents are given (8) . The increase in NADH was measured fluorometrically (excitation, 360 nm; emission, >400 nm) after a 10-min incubation at 37°C. Samples of reduced glutathione in cell suspension medium were used as standards.
RESULTS
Enzymatic activities. The catalase activity in the purified blood cells of two homozygous and two heterozygous individuals with Swiss-type acatalasemia is shown in Table I . The homozygous-deficient erythrocytes had -1% of the normal catalase activity; the homozygous acatalasemic neutrophils contained 25-30% of the normal activity. The heterozygous-deficient blood cells showed catalase activities in or close to the normal range.
Other enzymes involved in the oxidative metabolism were measured only in neutrophils. No abnormality was found either in homozygous or in heterozygous acatalasemic cells (Table II) . Apparently, the activities of these enzymes were not raised to compensate for the reduced catalase activity.
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D. Roos, R. S. Weening, S. R. Wyss, and H. E. Aebi The intracellular killing of S. auiretns by the neutrophils of homozygote 1 was normal, the cells from heterozygote 3 killed the bacteria slower thani normiial (Table  IV) . Other acatalasemic cells were not tested in this respect.
A normal ultrastructure of homozvgous and heterozygous acatalasemic neutrophils was observed on electron micrographs before, as well as after ingestion of zvmosan particles (not shown).
Oxidative miietabolism. The activity of the hexose monophosphate shunt, as measured by the generation of'4CO2 from [1-_4C] glucose was high in resting as well as in phagocytosing acatalasemic neutrophils (Table VI) . Addition of sodium azide, which stimulates the shunt activity in normal cells, had no effect in the cells of homozygote 1 and heterozygote 3 was normal in this respect. When the catalase-deficient cells were incubated without particles in the presence of glucose plus glucose oxidase, the rate of 14CO2 production was normal for up to 1 h. Thus, although the preceding experiments had shown that catalase-deficienit cells were damaged in their capacity to respond to phagocytosable particles, their ability to degrade H202 was still fully present.
The amount of reduced glutathione in phagocytosing neutrophils is shown in Fig. 2 . In normal neutrophils and in those ofhomozygote 2, there was a similar change in the level of reduced glutathione during phagocytosis. Sodium azide had no significant effect. The same was true for the neutrophils from the two heterozygotes (not shown). The cells from homozygote 1 were not tested. During incubation for 1 h with the H202-generating system, the levels of reduced glutathione were Catalase-deficient Neutrophils hardly affected, in either normal cells with or without azide, or in catalase-deficient cells (not shown).
DISCUSSION
In this report, experimnents are described with isolated neutrophils from individuals with Swiss-type acatalasemia. In the homozygous catalase-deficient neutrophils, a catalase residual activity of 25-30% of the mean normal activity was measured in fair agree- ment with published results obtained with a different catalase assay in total leukocytes (9-20% of normal, n = 3) (11). The much higher residual catalase activity in the homozygous-deficient leukocytes as compared with values found in the erythrocytes from the same individuals reflects the dependence of this activity on the turnover rate of the cells. In the heterozygous-deficient cells, catalase activities were close to normal (10, 11; With our discontinuous assay, the release of hydrogen peroxide by phagocytosing neutrophils can only be measured in the presence of azide. Previously, we found that an azide-sensitive, H202-degrading substance is released into the medium together with the hydrogen peroxide itself (2) . We have now observed that the same holds true for acatalasemic neutrophils. Because catalase is not an active enzyme in these cells, this observation suggests that myeloperoxidase is the main cause of hydrogen peroxide degradation in the medium of phagocytosing neutrophils.
Acatalasemic neutrophils showed a normal chemotactic response toward casein, a normal release of lysosomal enzymes during phagocytosis of zymosan, and a normal intracellular killing of S. atureus. Moreover, the respiratory response during zymosan ingestion was also normal, as was the level of reduced glutathione during this process. Apparently, the glutathione redox cycle alone is perfectly capable of protecting neutrophils against their own oxidative products. A similar conclusion can be drawn from the normal functional behavior of azide-treated normal neutrophils. This idea is also supported by the lack of recurrent infections in the acatalasemic individuals.
In striking contrast with the normal metabolic behavior of acatalasemic neutrophils, we (8) and others (9) have found that phagocytosing neutrophils with a genetic defect in the glutathione redox system are easily damaged by their own oxidative products. Thus, it follows that the glutathione redox system is more important for cell protection during phagocytosis than is catalase. Perhaps the ability of the glutathione reactions to repair (20) , as well as prevent certain oxidative damage adds to its importance.
Glucose plus glucose oxidase is a convenient tool to study the effect of external oxidative stress on isolated cells (21) . When neutrophils were subjected to a heavy oxidative stress from outside, both catalase and the glutathione redox system were needed for protection. This is concluded from the damage inflicted by glucose plus glucose oxidase on acatalasemic and on normal, azide-treated neutrophils, as well as on neutrophils with a deficiency of glutathione reductase (8) . Only normal, untreated neutrophils, which are protected by catalase and by the glutathione redox system, can survive this external oxidative stress.
The nature of the oxidative damage is unknown, since the internal glutathione redox system was still intact in catalase-deficient and in catalase-inhibited neutrophils after incubation with the H202-generating system. During this external oxidative stress, H202 was accumulating in the medium of normal, azide-treated neutrophils. Presumably, therefore, the glutathione system was working at its maximal capacity unlder these conditions, but was unable to remove all H202. In that situation, catalase proved to be essential for adequate cell protection. Apparently, a high level of reduced glutathione is no guarantee against oxidative damage. We have to consider the possibility that glutathione and catalase each protect certain localized cell structures, and that both systems are needed together for the preservation of the total cell function.
